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A BSTRACT

In this new method (DFDL) of remote wind sensing, two optical

beams of unlike frequency are superimposed in the sensed volume.

The velocity Information Is obtained from the difference In the

Doppler shifts of light scattered from the two beams by aerosols

moving with the cir. The DFDL signal spectrum and expressions

for signal-to-noise ratio are derived. Attractive characteristics

of DFDL include resilience to optical imperfections of the turbu-

lent atmosphere and a potential for simultaneous measurement of

the three components of wind velocity.
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I. Introduction

Several techniques for laser remote sensing of wind velocity have been

experimentally demonstrated.1 -7 Unlike in 8itu devices, remote wind sensors

avoid the necessity for providing an instrument-mounting platform that can reach

the sampled points, and they do not perturb the air flow. Each laser technique

possesses its own set of attributes that determine its usefulness for various

applications. For instance, the heterodyne laser Doppler velocimeter, 1,2

commonly using a CO laser operating at 10.6 pm, determines the component

of velocity parallel to the beam. The same component is found by the optical

Doppler radar,S which uses a scanning Fabry-Perot interferometer. The dual-

beam Doppler anemometer" and time-of-flight laser anemometer s measure the

component of wind along a direction transverse to the probing beams and perform

best with lasers operating in the visible. These four techniques depend on

aerosols as tracer targets of air motion. Two other techniques6 ,7 sense the

motion of spatial inhomogeneities of the aerosol distribution In the atmo-

sphere as they are transported by the wind. The full list of important

characteristics for each technique, such as range capability and spatial

resolution, is too lengthy to give here. Although the several techniques

possess some similarities, their performance capabilities, which determine

their utility in a particular application, are substantially different.

Dual-frequency Doppler-lidar (DFDL) is a new technique with a unique

set of attributes that could make it the preferred sensor in some applications.

In OFOL, two laser beams of unlike frequencies, v and v,, where the

frequency difference

L - V,
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where the wave vectors k and k are parallel. The arbitrar phases of toth

frequencies in Eq. (2) have been taken as :ero, a simplification which does

not alter the final results. The amplitudes A1 and Aa are mormall:ed, so

that the irradiance Is given by

where < > denotes a time averae over optfcal frequr*nclos but not oer

frequencies in the microwave regIon near aI and 'eow. Definling

* -4 4I - 4

where c c,,.'o, and .? is the speed of l Lht, the Irradiance at a particle is

.-, .4b

+ x4 - S.2 '* I4~

The transmitted irradlance Is nodulated at frequenc:\ a Necauso the to ",'ov,

interfere temporali- to form a pattern of sinusoldal tringoe5 %hich tra\rl a1

the speed of light in the z-dire tion with an orientition normal to the

z-.I s. The frince spcin. is \o. I ,s and k3 can tq :onsi dered in 0!tc1-Ci

wave vector for the tra\el in,; fringe pattern.

The folecuIes and aerosois scatter ight ro 'o th N'ea ,ns 1o i point ,.

on a distart 4etector ap'orure. Assuming a c'rtic le'; ar'-ula" .C!r ,:''.-r'

section, Oi S: - , to be al for V and V,, a of,.

the receied radiation field at , . is

r
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where the summation Is over all particles scattering energy to Rd. For non-

relativistic particle speeds, the wave vector of radiation scattered from

beam il Is closely approximated by

k k LIL; (8)

with a similar expression existing for k i.

The output current, !, of the photodetector Is proportional to the

received Irradlance Integrated over the aperture area, A namely

I = 21 Ad <E 2 >V d k .9)

where detector responsivity is assumed constant over the aperture. The

detector will respond to modulation of the received Irradiance within the

limits of its electronic bandwidth. Equivalently, since a photodetector

Is a square-law device and If the received optical radiation contains two

frequencies, a beat signal oscillating at the optical frequency difference

Is present in the output. We have

<S2>V =< 7 1E';Z.>

S os[ (. R.) + K .*L.

4 1 1 il I 4

"A 2 cos[k *(Q? - R.) + k .-L k .-L (1)
2 2 11 32 2 1 Z. 237

+A A cos[Ct - k,.R. + k, R. - z " + A: ]
122

Defining the effective wave vector for the scattered fringes as

-I .k -k. (
K. k .- k

i 2
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and separating the terms in the sumation for which f - .. fryxn the rtvainder.

aE >,v (sj./L ?)(.4I + A2 1)

+ S'LjAAcsa K R K

+ A (s. 2 /. 2 )AA cosEci. -k*., -

+$ ~.4. IAcosk "(R. - R) + ;k .. L. - k - .' (1.2)

+ A cosC. .(R. - R.) + k ". - k ,

+ 24 A•ccs k "" + S -k +.. k J

Let us first consider a single particle within the du l-fretuenc\ btoom

and later return to the multi-particle case. For one particle tr3velng
.& .4 .41 .

with Constant vel.city V., so that S - S + -*:,, Eq. (1') reduces to

> - +. .4 + 2.4 A cosa - (K - K.'.V.t - X... + .

where I: s ( - ..- , • Is the p'iase determined b\ Prtile position , ,.

The DC terms A1  and A, contain no Doppler informitiLon. Th' i, ortci ,

Ooppler shift Is

=- (K" - .V - .2. sln(e."')I' , .'

where e is the scattering inlie and I'. is the Om,nent of V ,irn I I el-l

bisector of the transmitted and scattered dirt ivIons. ri,0 m !"f tr" , -

point, the rate of arrival of the scattered frinjws i; .1'.l ored I\ X

the octi,:ai ath lenth chracs ,xccord inj . t ,rtLie's o ,io,.

bac'scatter (e =  I ) , '. is t.!,e lonitudilr.ln \' Ioari \ \' , t '. llei

to the direction of Nam r,.',:,. on , 
* hrouih the .1 if ,r'e t, I ,-I,+,le"
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shift, &a, DFDL allows a measure of VL. 6a depends on the optical frequency

difference, a, but is independent of the laser optical frequency itself. The

time-dependent portion of the signal in Eq. (13) is mathematically the same

as if microwave energy of frequency a were being transmitted and Doppler-

shifted to frequency a + Aa before reception. The procedures for DFDL signal

processing are, therefore, similar to those used in microwave Doppler radar.

The vo!ume probed by a DFDL is defined by the optical layout. The

transmitted beam, at most a few centimeters in diameter for adequate signal-

to-noise ratio (A1R), specifies the transverse extent of the volume. The

field of view of a bistatic receiver with optic axis intersecting the trans-

mitted beam determines the range R and the volume length AR, with R >> R.

The scattering angle 6 is within a few degrees of 1800, allowing the approxi-

malion e = 1800 in Eq. (14) with little error.

The Doppler spectrum Is broadened by the finite transit time of each

particle through the volume. Let us adapt Eq. (13) to the geometry of the

probed volume to obtain the detector output spectrum for one particle.

Approximate e as 180* and take L. = R in the denominator with little error,

since R = L >> AR. For a Gaussian profile of each beam, the amplitude of

beam #1 is given by

A 2 o 2/a2 exp[-2(x2 + u2 )/Va2 
, (15)

where the power in the beam is
2

P = A (16)

-2

and a is the e radius. A similar expression hcids fcr beam #2. If the

intersecting angle between the beam and receiver axis is only a few decrees,

AR 7- a, in whichcasethe transit time depends mainl on beam radius unless

7 is nearly parallel to the beam. IR's effect on transit time will be dis-

regarded here, but can be included In a straightforward manner. The energy



spectrum, Wi(w), for the Doppler signal portion of the detector current can

be found by calculating the time-dependent current and using Fourier analysis.

It has been demonstrated that the phase factor K .R in Eq. (13) is very
i d

nearly constant over an aperture area Ad of practical size. The time-varying

signal current, therefore, has amplitude proportional to Ad. 1he spectrum Is9

4 A 2  . 4b.' (w - o + 2K"L)W.2 2 RW -r PP exp exp (17)I L L 4VT2/a 2

where V is the component of particle velocity transverse to the beam, and b.

is the distance of closest approach to the beam axis. The detector's output
2 2

also includes a low-frequency pulse arising out of the A1 and A2 terms of

Eq. (13), but this part of the spectrum Is neglected in Eq. (17) because it

contains no Doppler information.

For atmospheric measurements, there will be, at any instant, a large

number of scattering particles positioned throughout the probed volume.

From Eq. (12), it can be seen that three types of signals will be included

in the detector output. The terms of the first summation express the

average irradiance at the detector of the light scattered from both beams by

all the particles. These terms lead to DC output. The second summation is

the information-bearing Doppler signal of DFDL, which is, for each particle,

the beat frequency between the radiation scattered from the two beams. This

yields a time-varying detector current, / The terms in the double summa-

tion with i j arise from the mixing of radiation scattered from separate

particles. This will be called the double-target signal, which produces a
9

current I It can be shown that I possesses negligible spectral energyDT *DT

within the final data-processing bandwidth, B, as a result of two factors.

The double-target signal is reduced by the incoherent nature of its detection,

S -a . ..i + " +. . . . . - - -
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in a manner similar to that which occurs in the crossed-beam laser Doppler

velocImeter.' 1  Also of primary importance9 Is the fact that the spectrum

of I has a width much greater than B. The signal portion of the detector
DT

current for the Gaussian beam Is, therefore,

I Isi , (18) [.

_-j .(t)A .(t)cos(at - K.R i  K.L dxdy 0 9)
8id R A 1z i

where A .(t) and A .(t) depend on particle position in the beam.

If the particles are randomly positioned, tne Phases K-R. + K..L. are

also random, and the contributions of the particles to I then add in random-S

walk fashion. Thus,

is= Si2 , (20)

and the expected value W(w) of the energy spectrum of Ia is the sum of the

spectra of the individual particles, or

W() = W.(w) . (21)
i

This mean-square behavior has been established" for the corresponding

case of dual-beam anemometry. The expected value of the power spectrum P(w)

of 18 is obtained by determining the rate of arrival of particies at the

probed volume and integrating over the distribution dn(o)/do of scatter

cross sections:

R+AR CO 0

P(7) 1dz db dvrw(wa,Va,,,b) - -. )

R - C



For the GaussIan beam profile:

2 2 A d R - (W + 2KVL) 2

P ( )7=r PP7 d --n 123
JW Tep 4VT2/a2 L * (3

2
The factor no Is defined by

no 2 2 dn(a) do a2 dn(p) (24)no = do= (p) dd ,(24

0 0

where dn(p)/dp is the particle size distribution over radius p, and n is the

number density. The total signal power, P8. Is

2

2r 2  2 2-r

I at6Rna . (25)
(ira= )LRJ

2
In the atmosphere, aerosols dominate the factor no , and the molecular

contribution Is negligible. For example, at optical wvelength X = 514.5 nm,

we have nm am = I.3xl0 3 5 cm for a molecular density of n = 2.6x10 1'9 cm-3

and molecular backscatter cross section of a = 7xl 0 - 2 8 CM2 For even a
m

sparse distribution (n = 10- 6 cm- 3 ) of small aeroscls of radius 0.1 Jrm witha

a = 7x10-1 2cm2, the much larger value n a 2 5xl0-2 9cm results. DFDL is

unable to measure the distribution of molecular velocities and cannot succeed

as a remote temperature sensor.

B. Signal-to-Noise Ratios

The wind component VL must be acquired from the Doppler spectrum in the

presence of noise originating during the photo-detection process. Of the

principal noise sources for a photoemissive detector such as a PMT, the most

significant for OFDL is shot noise from the scattered laser radiation and

background light. In comparison, shot noise from dark current is negligible,
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If T' "0 SNR becomesb

n p A 2 2n
SNR, Y rz AR -. (2

The functional dependence of P on various parameters appearing In

Eq. (25) and In these SNR expressions was verified experimentally. The

prototype DFDL described below was operated In a wind tunnel with flow

seeded by a sparse mist of water droplets generated artificially. For

each test, all experimental parameters were held -onstant e' cept the

variable under examination. The predicled behavior of P with chanlers.

In receiver collection soI d angle , "am area A , -- I and

scattering volume length AR was confirmed. The dependence of P' on

changes 1, laser power PL' where PL - JP! = V20 also agreed with iq. .

C. Extraction of Velocity Information

P(W) for the narrow Gaussian beam profile has a Gaus.lan shape with

mean frequency aL - ZKV and I/e half-width In practlce. ihI,
L IVa

half-width can, at times, be comparable to, or e,.:,n o\cood. Nt. In .,uch

a case, VL is obtainable from the power-welihted moan Poppler fi0quon,\ ,

according to

W fWP(W+ CtId/P(ti, 4 a~

Several data-process Ing techniques for est imt fInq i have been dovi ts;d.

Since the Dorpler 51i nal Is oenerafed b\ n r., nd,,m - * ',',l

spectrum undergoes random fluctuations a t-ut : '10O , k',Oi1n t \, t , o

Doppler frequency. r,3, Is a random variable with .tati-tical n'rtur-:\itio,'n

about Its expected value. The shot-noise ,poctrum Is ,iI. , riandom ald
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where * i and 0 2i are phases determined by particle position at t = 0.

As discussed earlier, the spectrum of the Information-bearing portion of

the signal for multiple particles at random positions Is the sum of the

spectra of the individual particles. The double-target signal also exists

but again Is negligible. The signal from one particle is therefore suffi-

cient to describe the behavior of a hybrid OFDL. For one particle, the

detector current Is

rA d a.d ( 2 + A 2)
. 1 21-

2 rAd -' - -

d 44

+ A ocl -i ., K, + A: +,
L .1AAc~ 1 2k 1 k2 - ii 2ii.Vt - 1"42.]  ~ T

The differential Doppler shift, Ac, involving the dot product of V. with the

wave vectors Is

A= (QCx/)V*(L1L) - [N(I + V 2/~ VlSin(f,/2MV - 0,C) cos('/2U a, 0

where the i subscripts have been dropped and V ( W) Is the th-cmrx'nent. --~~~. a 'te[oplrslfi

(a-component) of V. Takino 4 << iT/2 and v1 + V2  -\0 the [oopler- shift I

,Ai = - h(va/C) sln(,I/2W - 2(a,',) sln0.O_ ,

where V Is the velocity component along the bisector of L and the nf~atl\,e

a-axis.

Two limiting cases are Immediately Identifiable. If . - 0 bt it k C, 0,e

have the pure OFDL arrangement

The dual-beam anemometer (CWA) occurn in the orio 'i t <' when nd i

a 0, giving
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AaD a = -2 (v /c) s I n (12 )V . (41)

The detector beat frequency for hybrid DFOL can be expressed as

= a + &DFDL + &"a1D (42)

In which both CDFDL and 'D)BA are significant.

For the case of backscatter, the hybrid DFDL has differential frequency

shift

ba * h.V (43)

h = -(2/c)[vo sin(/2)i + ak] . (44)

The component of velocity measured lies in the x-z plane, parallel to Kh.

The angle $ of this component from the z-axis Is, from Eq. (44),

B = tan -I [v 0 sin(0/2)/a- . (45)

The Doppler frequency sensitivity is given by

= (21c)[V0
2 sin2 (/2) + a2i 4 V h = KhVh (46)

-0. 
-9+

where Vh Is the component of V parallel to Kh. The hybrid DFDL can measure

an arbitrary component of velccity selected by the choice of optical fre-

quencies V1 and v2 and the intersection angle 4.

Usually in dual-beam anemometers, the beams are spatially distinct at

the transmitter and converge to a common volume. This may not be true for the

hybrid DFDL, whose Intersection angle might be less than a laser beam's diver-

gence angle. For instance, If 0 = 514.5 nm, c/2r = 109 s- and 45, the

required value of 4 from Eq. (45) is only 3.4x10 6 rad.

SNR expressions for hybrid DFDL are similar to those for pure DFL. The

effect of partial;y overlapping beams in the probed volume is accounted for

through the amplitude factors A (R) and A2 (R). In the vicinity of the
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Intersection of the beam axes, the hvbrid SNR Is the same as for pure DFOL

with proper al lovnce In bandwidth B for the Increased Doppler sensitivity.

III. Prototype DFDL

A OFDL system was assembled to experimentally evaluate thls technique

of wind sensing. It Is capable of real-time measurement and recording of

wind and can operate In pure or hybrid DFOL modes. In accordance with the

research nature of this study, the range capability of the prototype is

modest, but It can be markedly Increased within the limits of e\isting

tec hno I ogy.

A brief descrlption of the system, shown schematicalII in Fi ,. 3, Is

presented here, with a comprehensive treatmeni available elsewhere.* The Spectra

Physics Model 166-03 argon laser operates at frequency v, (. 514.5 nm),

with a cavity dumper , Model 365 Acousto-Optlc Output Coupler, producing the

exitingi beam. This coupler acts as a nmodulafor, creatinq two overlapping

beams of respective trokiuencies V, 1  V 4 (1', and v, -\1 . The desired
0 0

pure or h.brid D)DL confl kuration is seize'ted b\. adiu-.tment of the ak:oust,--

optic r-.dulatorls position within the laser cavit\. The RF oscillator jeon-

erates the symptom reference frequencyv, which Is ampi if led to drive the nkdu-

lator. The transmit; ina optics consist of an appropriate beam expander and

steoring mirrors. LIht scattered and Doppler-shifted by aerosols movin,
0

with the aIr Is coll cted by a telescope and passed throu. h a "O A pass \ind

Intferferonce fIll ter for r-ed :t i on of Nickoround I i kht. The hi h-;peed PMT,

which must b capable of el cktronic res!f\nse at tho trkdulat ion fre&renc\ t',

was ruinufazctured tw Var Ian L.;[ ,iid Is :ip f i ted t iae a 0- _b , nd ,idth

of acproikmatoIv A' to, I0 H:. The oul, ut of iho FPIT Is -eparated rom the

hiqh-frequen,-\, -lqna I ,and nn o ored. The hl,)h-freuenc\' portion proceed to

the mIr:rove PotploIr ro'e lver, whi,,-h per fNrm' !iJnal ,ampl iflcation arid

tV



hotoroj~n* mRinq with ain c'of Iosa oscl I ltor of Ire quenct, a + I lb S

fr >.quoncy, Is do-%#lCopd from the outp'ut froeuencios of the RF os.cillato~r and

an 3udio-frequoncV oscill ator. l~or V L " , the UPoip'ir spectrum is thus

disrtacoo from Aai a 0~ to Act ~ which ronxives the directional ambiqulf in

the ~.ol~measurement. A real-time spectrum anilKzer, F'rinc~ton Applied

Research 4o1I4 I:, dkjlti:*s the siqnal and computeS the Fo'urier amplitude

s,ctrum. A i'C mini,-omputer computes I', and other Information of

Interest from the sfpectrum, stores this data on floppN disk, anj Jispl,3\s

ion the kca.npLutor cno

The optil srqustc jlffo tronceo Is v , - 2*0 NH: , whih kb .. , a

ft Cquionc% sons t i'itv tor- a pure MILt oper-at ing in txc~a of A,% :,I

C,.4." Hz f or 1'. w I mq'1 1he moan LRoppler fr-euencv i,. ottained will) the

V~ ourier tranisform tcnuewith no" ~esup;\rvzOion kF T. NS) ." Since

the shot -n,, i se loe cnn %ar\' in t irit*, the ai owaoo nois levelI to; pact)

\Ooc~i t\ samplec is Jotorni ned 1\01' A f( ru0M:n\ hva(d Iart,',' t rrnl tho

I poor Spoct rum. l is \ al i Is thon swt' tra3ctct t trn hQ fli~t e 5secir

Avp LiI or S;In,%I .' sho f no iso, to I rvvo I ho t' i.v 1~ e l0ft wc t S otf the

a~eaeno i I 1001 I ror. Vie ( 41su I t i I n N'~ ' I r ruml , and W t 1 pro"'cr

al naco fo, th io s~et f, the -itan Nopplor Itecuotnc\ 1,; nculated

.1ccoin to "r 1, * . r a I lu nd u~ s nj k a In.~ t

caso ..%a\ to.

The o'rotot\V pe fUL cnn % Iso to 110 i .1 POu ed '\ stem %hon the '.3\ l

Jumpernv' w nd I a t or i s dr i%# n t\ N ouso iI o 11 f"& lotir Tho rook1~or ,inr t'e

range* 4ateo1, %%h i.h Itfot C0\I. J .'I t~ 1d ree\r ' c' eIn 'k

range S' ii \%\,.n lo,'l ""n\' v?0 u I ;;I,,h.V.~ ~ol\e to nU~ j 'U i Soo .\~

t'io S\N c.in to ro d vcn -.hot .oo i sec f roni S'a m h *"' s I"' f

or)n coti,* it i on tf !)at f avv\ernoo trinni it I Pd I n!,or -)"a;~ no'!r
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In order to accomplish this with the present equipment, a high pulse rate

(Z I MHz) is necessary. The low-pass filter characteristics of the Doppler

receiver transform the signal from a pulsed to a continuous form, and no

other changes In the data-processing procedures are needed.

The prototype DFDL was operated CW In a laboratory setting, using

targets undergoing controlled motion. These experiments, together with

the wind measurements reported here, have verified the differential

Doppler shift, which Is the fundamental principle of DFDL.

IV. Wind Measurements

A component of wind velocity was successfully measured with the DFOL

in various configurations: pure and hybrid, pulsed and CW. The DFDL

equipment (see Fig. 3) was located in a penthouse atop the five-story

Physics-Atmospheric Sciences Building on the University of Arizona campus.

The dual-frequency beam from the laser was expanded and collimated to an

0e2 diameter of approximately 2.5 cm and then projected through an open

window. For the measurements described in detail here, the beam was

horizontal at a height of 4.3 m above the main roof. The range R = 20 m

and length R = 2.2 m of the probed volume were defined by the intersection

of the beam with the field of view of the Newtonian receiving telescope,

which has a 41-cm diameter primary. Since the tops of the surrounding

buildings and trees were at the same general level as the probed volume,

the air flow was usually quite turbulent. A propellor anemometer, Weather-

Measure Model W1738, was positioned with the hub about 20 cm from the center

of the probed volume. It was aligned to measure the same component of wind

for which the l idar was set. For example, for alignment angle $ = 0, the

westerly component parallel to the beam was obtained. A wall (not shown)

at a distance of 41 m acted as a beam stop. A light trap, consisting of a
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box with a black Interior with an open side facing the telescope, was mounted

on the waIl to encompass the receiver's field of view. The trap was required

to prevent background light from the sunl It wall from saturating the FPtT,

which had considerably higher gain than anticipated when purchased. The

trap also diminished the shot noise caused by background light. In order to

further reduce this shot noise, the laser output was pulsed and the Doppler

receiver range gated. Since the pulse length was 15 ns and the receiver

gate time was 30 -40 ns, the probed volume was still defined mainly by the

Intersection of the beam with the field of view. Pulse repetition rates were

t pically 3.5 MHz, which gave a receiver duty factor of roughly 12%.

Figure 5 shows the time series of wind velocity from the lidar and

anemometer plotted side by side for an example data run. The similar

response of the two methods to velocity fluctuations is apparent. The

anemometer's trace is smoother than the Ildar's because the statistical

nature of the Doppler and shot-noise spectra inject random fluctuations

into the Doppler velocity. The experimental particulars for this data run

and three others are given In Table I. Wind measurements at several values

of the alignment angle 0* (= 3 for pure DFDL, A 0* for hybrid) were made.

Average transmitted laser power was 1/3 W. The sampl ing rate was sl ightly

slower than IIT, where T is the signal-averaging time for each velocity

sample.

Table I also shows, for each of these data runs, the individual and

comparative statistics of the anemometer velocity V .4 and the Doppler

velocity V. The agreement between the two met,'ds is satisfactorv.

although differences do exist. A small bia s is revealed by < I

A linear regression slove of less than unitvco-binsJ with the interceot

displaced slightly toward VA, also points out the bias. The rms difference

A)
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Table I. Summary of Selected Wind Data Runs

Date March 7 March 19 April 4 April 4
Starting time 1713 1402 1407 1901

Equipment Parameters

Alignment angle 8 630 -45o 00 830

Laser average power (W) .36 .36 .31 .36

Sample averaging time T (s) 2.0 1.0 1.5 1.0

Length of data run (min) 30 27 I0 24

Wind Statistics

Average anemometer velocity VA (ms'1) 4.28 -2.23 1.28 2.14

Average Doppler velocity VD (ms-1 ) 4.09 -2.07 1.12 2.10
Standard deviation of VA (ins ) 1.80 1.26 1.04 1.17

Standard deviation of VD (ms"1) 1.85 1.21 1.08 1.03

VD/VA .96 .93 .88 .98

(V -V .79 .61 .58 .46

Linear Regression Analysis (V4 X,Vp=y)

Slope .937±.016 .855±.012 .897±.028 .SIZ±.011

y-intercept (ms-1 ) .08±.08 -.16±.03 -.02±.03 .36±.03

Correlation coefficient .91 .89 .86 .92

Signal-to-Noise Ratio Statistics

Bandwidth 8 (Hz) 797 401 301 785

Average SNR 1.80 3.96 3.71 1.91

Standard deviation of SNR 1.10 2.69 2.87 3.15

Aerosol Optical Properties

Aerosol backscatter cross section
I a (x 10-6 m-1 sr-1)CaI(x 0 m sr- .)3±.. .95±.26 .63±.2

0a /1 a (" 10 in sr" ) - 3.8±1.9 2.5±1.3 2.2+_l.1
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between V and V results from a combination of biased and unbiased discrep-
D A

ancies. The disagreement is caused by imperfections in both methods. Based

on manufacturer's data, the anemometer Is calibrated for axial flow at

-1
2.2 ms . For somewhat slower axial flow, it indicates an excessive value

for VA (17% too high at .45 ms-), while the threshold speed Is 0.5 ms-.

For wind at large yaw angles, the response does not exactly follow the

cosine of the yaw angle, and VA tends toward values which are too small.

In the case of high wind speeds, the DFDL measurement Is biased toward small

values because the tall of the Doppler spectrum falls outside the final

data-processing bandwidth. Refinements in the data processing can be

expected to diminish this particular source of error. The observed bias

between V and V is compatible with the features of the individual instru-

ments. The major portion of the rms difference is caused by the random

variations introduced into ID by the statistical nature of the Doppler and

shot-noise spectra. Because of these random variations in V,, we would

expect Its standard deviation to exceed that of VA, but the data show other-

wise. A reasonable explanation is that, as mentioned, the DFDL data

processing diminished VD for high wind speeds, which would also decrease

VD's standard deviation. Other sources of error of less Importance were

also present. They include the inaccuracy in setting the DFDL to measure

the desired component of velocity at angle 8, the lag time in the propellor

anemometer, and the physical separation of the anemometer from the DFDL-

probed volume.

The values of SNR were rather small. They could have been increased

by narrowing the probing beam. but accuracy in V.. would ,have improved b\

less than 30%9 because the Doppler spectrum would have been correspondingl

broadened.

A-
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The aerosol volumetric backscatter cross section $a and the aerosol

optical characteristic % /%a, which is Important to DFDL SNR, were

measured with the l idar. T is the average aerosol backscatter cross

section, and Oa2 Is the mean square average. $8a for X = 514.5 nm was

determined by measuring the total atmospheric backscatter cross section

before or after a wind-data run and subtracting the molecular contribution
-1 -1

I = 1.6xlO- 6 m sr calculated for the ambient air pressure and tempera-m

ture. The low 1a values Imply very clean air, a fact corroborated by a

visual range exceeding 50 miles. The factor a / was obtained by solvingaa

the SNR expression in Eq. (30) for it and calculating its value from the

experimentally determined SNR, known equipment parameters, and data on the

energy received from molecular scatter, aerosol scatter, and background

light. The details are too extensive to give here but can be found else-
9

where. Aerosol size distributions were also measured with a Climet optical

particle counter. This collection 9 of data on the aerosols acting as tracer

targets is valuable in predicting the performance of DFDL under different

aerosol conditions.

Although not described in detail here, wind measurements were also

accomplished In the bistatic optical arrangement shown in Fig. 3 with the

transmitter and receiver operated CW. Successful operation was also

achieved In a fully pulsed configuration, in which the transmitting and

receiving optics were coaxial, and the probed volume at R = 20 m and

AR =4.2 m was defined by pulsing the laser and range-gating the receiver.

V. Projected Capabilities

An estimate of the range capability of an upgraded system can be made,

based on the performance of the prototype DFDL (20 m range) and the scal ing

factors in SNR. Since P1 and P are both proportional to laser power P

2, L
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Eq. (30) shows SNR - PL. Boosting the transmitted laser power from 1/3 to

0 W would increase the range capability for the same SNR by a factor of 5.5.

Substantial improvements in the PMT's high-frequency response and quantum
13

efficiency are also within the realm of existing technology and could

extend range capability by almost a factor of 2. Range and/or accuracy

could also be increased If the sample-averaging time were lengthened or a

larger telescope used. Enhancement of DFDL performance can also be

achieved with a higher modJiation frequency a. By scaling the beam radius

inversely with a, and the bandwidth B proportional to a, the range capa-

bility scales as V" for constant SNR. Better accuracy is an additional

benefit, for the fractional error in VD due to statistical fluctuations inD9

the spectrum scales under these conditions as I/r, 9

Adequate reduction of shot noise from the background light is a critical

factor for daytime operation. A narrowband interference filter in the

receiving optics is essential, but it may not bring the transmi.tted light

level so low as to make the SNR limited by scattered laser radiation. The

best solution might be a pulsed DFDL with small receiver duty factor, in

which the light scattered from the high-power pulse would dominate the

background light while the receiver is gated open. The pulse-repetition

frequency must satisfy the Nyquist frequency criterion for the baseband

data-processing bandwidth B.

Although the FFT/NS technique was ideal for data processing during this

experimental study, it may not be the optimum method for an operational

wind-sensing system. Burst-signal processing is superior to continuous

processing in the dual-beam anemometer and would probably be likewise

advantageous in DFDL. Pulse-pair processing is also superior to FFT/NS

12in some respects, especially for low SNR.
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An important asset' of OFOL Is its resili ence to the effects of degrada-

tion of laser beam coherence caused by atmospheric scIntil IatIons. Since,

at least for the pure DFDL, the two transmitted beams are superimposed and

are of nearly identical frequency, Inhomogeneitles In the atmosphere's index

of refraction perturb the beams in nearly Identical manner, and the ampli-

ludes as well as the phases of the two beams remain highly correlated.1' 1 5

The traveling fringe pattern of the DFDL beam thus remains well-defined,

although substantial Intensity variations across the beam can develop. The

velocity information In the mean Doppler frequency remains fully available,

although the shape of the Doppler spectrum, which depends mainly on the beam

profile and the transverse speed of the tracer particle, is modified. In

conjunction with this topic, it should be noted that, after the dual-

frequency beam is formed, diffraction-I imited optics are unnecessary,

although they are desirable in the transmitter to maintain a smooth beam

prof II e.

The novel abil ity of the hybrid DFDL to measure the velocity component

parallel to a selectable skew direction Is perhaps the most intriguing

feature of this instrument. In principle, the hybrid DFDL concept could be

incorporated Into a device to measure three-dimensional velocity within a

common probed volume from a single trarsmitter-receiver site. Multiple

hybrid DFDL beams of different fringe orientations could be simultaneously

transmitted with polarlzmtion, wavelength, or other technique to discriminate

among the beams. It may also be possible to combine the DFDL concept with

the time-of-flIght laser anemometer. Two beams transmitted side by side would

yield at low frequency the time of flight of the dust particles, which is a

measure of transverse wind velocity. If the beams were both modulated as in

pure DFDL, the differential Doppler spectrum carrying the information for the



26

longitudinal component of velocity would be simultaneously available near

the modulation frequency a. Of course, the shape of the Doppler spectrum

would be a function of the bifurcated beam profile.

V1. Sunmary

This research has demonstrated that a component of wind speed can be

remotely measured with the OFDL technique using naturally existing aerosols

as tracers of air motion. If the probing beams of different frequency are

coaxially aligned (pure DFDL), the velocity component parallel to the beams

Is measured when the detector is positioned to receive backscattered radia-

tion. If the beams intersect at a very smail angle (< l0-s rad in the

prototpye instrument), this hybrid mode of DFDL determines a component

In a skew direction, which is a function of the optical frequencies and

the intersection angle. The velocity information is available from the

mean frequency of the differential Doppler spectrum. The prototype DFDL

performed satisfactorily In laboratory tests and in actual wind measure-

ments. In harmony with its experimental nature, the prototype's capability

(20 m range with a typical sampling rate of 0.7 Hz) was modest but can be

improved more than an order of magnitude within the limits of existing

technology. Expressions for SNR and auxi I liary data on the optical charac-

teristics of the aerosols allow extrapolation of the performance of an

upgraded instrument.

DFOL possesses several advantageous features, It measures a different

component of velocity than the dual-beam Doppler anemometer 4 or time-of-

flight laser anemometer, which also operate best at visible wavelengths.

The three-dimensional wind could, in principle, be measured with a multi-

plexed hybrid DFDL, or with DFDL in combination with the time-of-flight

anemometer. The DFDL should be capable of functioning through an atmosphere

AA
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rendered optically imperfect by turbulence-generated density inhomogenelties.

Since the raw signal from the photodetector Is similar to that of microwave

Doppler radar, the data-processing procedures for estimating the Doppler

velocity can utilize the optimal analysis methods which have been developed
12

for radar. The sense of direction of the wind is made unambiguous in DFDL

in a straightforward manner, by offsetting the reference frequency in the

receiver electronics.

An optimum DFDL system would utilize a laser emitting high average

power in the visible, in order to maximize SNR. The modulation frequency,

i.e., the difference in the optical frequencies of the probing beams, would

preferably be as high as can be produced and detected. For reduction of

shot noise due to daytime background light, a pulsed DFDL system with a

small receiver duty factor plus an interference filter would be ideal.

The authors thank M. Sanderson Rae for editing the final manuscript.
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Figure Legends

Figure I Geometry for derivation of pure DFDL signal.

Figure 2 Geometry for derivation of hybrid DFDL signal.

Figure 3 Equipment schematic of DFOL prototype.

Figure 4 Optical layout for wind measurements with the probed volume

defined by the intersection of the beam and receiver field

of view.

Figure 5 Velocity data commencing at 1713 on March 7. The upper trace

gives the velocity from the Hldar, while the lower one is

from the propellor anemometer. The arrows Indicate the

-1appropriate velocity scales, which are displaced 5 ms.
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fig. 1. O~OMtry for deri.vation of pure
DFDL s ignal.
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